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Round Bar Heating With Swirl 
Burners 
A method of heating round steel bars using a swirl burner or swirl burner furnace 
combination is described. This technique is suitable for surface hardening or 
processing of long steel bars. The uniform heating around the steel bar, coupled 
with the high heat transfer rate of the swirling flow, allows a relatively small swirl 
burner to be used. Experimental results are presented from small-scale prototype 
trials with a 200 kW burner and 25 mm diameter mild steel bars. 
1 Introduction 
Swirl stabilized burners and combustors are widely used to 
produce high intensity flames in many furnace and power 
generation situations [1]. Studies are available in the literature 
describing the combustion aerodynamics and operational 
characteristics of such units [1-5]. 
The main advantages of swirl burners are: 
(1) A large torroidal recirculation zone is formed in the ex-
haust nozzle which not only recirculates heat and active 
chemical species, but forms a series of connected well stirred 
and plug flow reactors, thus creating conditions for excellent 
flame stability and very high levels of fuel burnout. 
(2) As the recirculation zone/well stirred reactor regions 
are formed aerodynamically and not for instance by bluff 
bodies, flame impingement deposition of partially burnt reac-
tants is avoided. 
(5) NOx levels may be minimized by operating the units in 
a two stage mode with a fuel rich first stage. 
In this paper an experimental study is described to in-
vestigate the heating of round steel bars for surface heat treat-
ment by swirl burners. The concept is illustrated in Fig. 1. 
There are several ways in which round steel bars may be 
heat treated. The main aims are as follows: 
(7) Surface hardening by heating a bar to a high 
temperature followed by rapid cooling, for instance by water 
cooling. 
(2) Change the composition of the surface of the material 
(i.e., changing nitrogen or carbon content).* 
The attraction of swirl burners in this study was thus 
perceived to be: 
(7) The heating of round bar surface is uniform if it is in-
serted along the axis of symmetry because of the axisymmetric 
nature of the swirling flame. Moreover, very high heat 
transfer coefficients are generated by swirling flows, giving 
rise to compact units with lower exhaust temperatures. 
(2) A small burner can be used to heat a long round bar; 
several burners can be arranged in series to increase heating 
rate which allows a faster rate of feed through the burner. 
(3) Flame temperatures and chemical composition (i.e., 
oxidizing or reducing) can be quite easily changed by varia-
tions in the burner throughput and mixture ratio. 
This research study thus concentrates attention on the abili-
ty of swirl burners to produce rapid heating rates on round 
bars with the objective of producing surface hardening. 
The heating rate of the round bar is a complex function of 
flame temperature, flame length, mixture ratio, type of flame 
(premixed or diffusion), burner load or throughput, etc. In 
this study the effects of burner load, type of flame, and mix-
ture ratio have been investigated so as to vary flame 
temperature and round bar heating rate. 
A swirl burner/furnace combination is compared with a 
swirl burner and is shown to be the most effective and 
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Fig. 1 Application of swirl burner to surface heat treatment of round 
bar 
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economic method of heating the round bars. Flame 
temperature and round bar heating rates are presented for the 
case of a swirl burner with and without a furnace and the ef-
fectiveness of the two systems is compared. 
2 Experimental Apparatus and Procedure 
The experimental apparatus, swirl burner, and swirl 
burner/furnace combination dimensions are shown in Figs. 2 
and 3. The swirl burner shown in Fig. 3(a) was used for the 
first series of trials and had a geometric swirl number of 0.86, 
which is close to the optimum for this type of device. 
The swirl number is defined: 
S = 
Tangential Momentum Flux 
re x Axial Momentum Flux 
this may be rewritten in terms of the geometry of the swirl 
burner to give a geometric swirl number: 
Sg = -
Ae I tangential flowrate 
A, I total flowrate 
The swirl burner/furnace combination shown in Fig. 3(6) 
uses a similar design of swirl burner to that shown in Fig. 3(a), 
except that the swirl number of the swirl burner/furnace com-
bination was increased to 1.0. Both prototype systems were 
constructed of mild steel; in practice all high temperature 
regions would be lined with refractory. 
The fuel used was natural gas. Air was supplied through the 
two tangential inlets for both systems, while for diffusion 
flames the fuel was supplied through an axial inlet located on 
the burner base plate. Normally fuel is supplied through an in-
let located on the axis of symmetry, but this was not of course 
possible with the location of the round bar. With premixed 
flames the fuel was mixed with the air supply upstream of the 
burner and a large block was inserted into the main body of 
the swirl burner to accelerate flow into the swirl burner exit 
nozzle, thus preventing flashback of the flame into the main 
body. The aim of the swirl burner is to locate the flame (either 
diffusion or premixed) in the exhaust nozzle. It is undesirable 
to allow any significant proportion of the combustion process 
or flame to occupy the main body of the swirl burner. Some 
experiments were carried out with a partially premixed flame 
in which some of the fuel was passed into the main body of the 
swirl burner, while the rest was pre-mixed with the air 
upstream of the unit. 
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Fig. 2 Experimental setup 
The temperatures of the round bar surface and flame were 
measured with an infrared pyrometer and pt/13 percent pt Rd 
thermocouple, respectively. The characteristic flame temper-
ature used was the highest that could be measured on the 
boundary of the recirculation zone formed in the exhaust of 
the swirl burner. The gas and air flowrates were measured by 
means of calibrated rotameters. The exhaust products were 
removed by a fume extraction system. 
Measurements were obtained by gradually feeding a 25 mm 
diameter round steel bar through the two swirl burner systems 
at various rates in order to determine the heating times for 
various final bar temperatures. 
3 Results and Discussions 
3.1 Effect of Premixing and the Furnace on Flame 
Temperatures. Early work indicated that the highest heat 
transfer rates were obtained with premixed or partially 
premixed flames and this is illustrated in Fig. 4, where the 
flame temperature is plotted as a function of natural gas con-
centration for the swirl burner/furnace combination. 
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a) Simple Swirl Burner b) Swirl Burner/Furnace 
Combination 
Fig. 3 Schematic diagrams of swirl burners used 
Nomenclature 
c = natural gas concentration in . 
air volume, percent 
d = round bar diameter, mm 
Qf = fuel supply rate, l/min 
Qa = air supply rate, £/min 
/ = time, min 
Tf = flame temperature, °C 
Tr = round bar surface 
temperature, °C 
v = round bar velocity through 
swirl burner system, m/min 
r) = thermal efficiency, percent 
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Fig. 5 Comparison of flame temperature produced by the two systems 
The natural gas supply rate was maintained at a constant 
value of 110 iVmin and the mixture ratio was varied by chang-
ing the air flowrate from fuel weak (c = 7 percent) to fuel rich 
(c^ 9.5 percent). The partial premixed setting was achieved 
by mixing some of the gas with the combustion air at the 
tangential inlet, the remainder entering axially at the rear of 
the swirl chamber. 
Temperatures of up to 1550°C were obtained with the non-
premixed systems at natural gas concentrations, c of about 8 
percent and this corresponds to normally accepted practice 
when a burner is operated with up to 15 percent excess air. 
However, as the air flow is reduced, the flame becomes fuel 
rich and temperatures fall off rapidly, reflecting poor mixing 
between the fuel and air due to the lower air velocity. 
Conversely with the premixed system lower temperatures 
were recorded for gas concentrations less than 10 percent. It 
has been shown [1-5] that this is due to the much wider flame 
produced by premixing, which impinges earlier on the wall, 
thus increasing heat loss from a small uninsulated furnace. 
With small burners heat losses can become very significant 
owing to the high surface area to volume ratio. These heat 
losses may be reduced by insulating the furnace. 
Differences between the results obtained from the swirl 
burner and swirl burner/furnace system are highlighted by 
Fig. 5, in which both cases use partial prerffixing. The results 
from the swirl burner/furnace system reflect those shown in 
Fig. 4 and confirm the relatively high heat loss at low loadings. 
The jump in temperature recorded between gas flowrates of 
110 and 130 f/min probably reflects flow changes brought 
about by such phenomena as vortex breakdown [1], and 
associated changes in flow state. The swirl burner system gives 
much higher temperatures at low loads and flowrates, reflec-
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Fig. 7 Variation of round bar temperature as a function of time and 
burner load 
stoichiometric mixtures. Increasing flowrates improves mix-
ing, thus reducing peak temperatures. The swirl burner is thus 
adaptable and can be controlled to give various flame shapes 
and temperature profiles using different mixture ratios. 
3.2 Effect of Gas Concentration on the Rate of Heat 
Transfer. The effect of mixture ratio and flame shape on the 
heating rate of a round bar is shown in Fig. 6. It is evident that 
the fuel rich diffusion flame of Test 1 produced the highest in-
itial heating rate despite the incomplete liberation of energy 
from the fuel. Although Test 2 was operated with flame 
temperatures some 200 °C greater than in Test 1, a lower 
heating rate was apparent. The reason for this anomaly lies in 
the different flame shapes produced in Test 1 and 2. The fuel 
rich flame was long and completely engulfed the rod, whilst 
the stoichiometric flame burnt as a torroid, detached from the 
bar. In Test 3, the reduced gas flowrate gave lower flame 
temperatures and the weak flame which was "tulip" shaped, 
burned away from the bar decreasing the heat transfer rate 
still further. This is corroborated by Test 4, which although 
had less fuel input than Test 3, exhibited a higher heat transfer 
rate because of the more appropriate shape of the diffusion 
flame which burned in close proximity to the bar, 
3.3 Effect of Burner Load on Round Bar Temperature. 
The earlier work described in this paper (Figs. 5 and 6) in-
dicated that a natural gas concentration of 12.2 percent pro-
duced the most rapid heating of the round bar. Thus a series 
of experiments was carried out to determine the variation of 
bar temperature with time as a function of burner load at this 
natural gas concentration level, Fig. 7. The greatest rate of 
256/Vol. 110, AUGUST 1988 Transactions of the AS ME 
Downloaded From: https://manufacturingscience.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
temperature rise was obtained with the highest natural gas 
flowrate of 165 f/min, although the 135 and 110 l/min results 
were similar - probably indicating better heat transfer rates. 
The heating rate for the first four minutes is the same for a 
flowrate of 61 £/min to 135 £/min; it is unlikely that heating 
periods in excess of four minutes would be necessary and 
therefore the lower flowrate would be adequate. In practice 
regenerators or recuperators will be used to recover heat from 
the exhaust gases and preheat the incoming air, increasing the 
combustion temperature and further raising the heating rate. 
3.4 Effect of Bar Velocity on Surface Temperature. Some 
typical results are shown in Fig. 8 for both the swirl burner 
and swirl burner/furnace combination. It is clear that for a 
bar velocity v S 0.2 m/min that the swirl burner/furnace 
system gives superior heating and this is presumably because 
the round bar is confined inside the long furnace giving lower 
heat losses. The surface temperature for the swirl burner 
system, Fig. 3(«), is scarcely affected by a 50 percent change in 
burner load (i.e., Qf changes from 110 to 165 f/min). A 
similar result may be obtained by inspection of Fig. 7, as a 
four minute heating period corresponds to 0.05 m/min bar 
velocity. Consideration of Fig. 8 indicates that for bar 
velocities greater than 0.3 m/min the results for the swirl 
burner and swirl burner furnace are tending to similar asymp-
totic values (for Q/= 135 f/min). 
These results can be considered in terms of heat transfer ef-
ficiency to determine the most economic way of utilizing such 
a heating system. The results from Fig. 7 have been analyzed 
to give a thermal efficiency, defined: 
Thermal Efficiency t\ percent 
net heat transferred to bar 
17 = 
heat released by combustion of 
the stoichiometric fuel/air ratio 
x 100 percent 
The heat transferred to the bar is calculated from considera-
tions of the enthalpy change from 20 °C to the final 
temperature, assuming that the surface temperature of the 
steel approximately corresponds to that of the whole bar (6). 
As combustion is carried out under fuel rich conditions it is 
assumed that only the stoichiometric quantity of fuel is burnt, 
the rest being burnt downstream in a secondary burner for 
final heat recovery. 
The results have been plotted against heating time, which 
can also be translated to an equivalent bar velocity, Fig. 9. 
Some scatter in data for the fuel flowrates Qy= 135, 110 and 
86 £/min was evident, but curves could be drawn through the 
two extreme cases Qy= 165 and 61 f/min. It is evident that the 
maximum efficiency occurs at minimum heating times (i.e., 
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Fig. 8 Effect of bar velocity on surface temperature 
0.3 
highest velocities). Examination of Figs. 7 and 8 confirms that 
the highest thermal efficiencies occur when the flame and 
round bar surface temperature difference is greatest. 
4 Conclusions 
This paper has demonstrated how swirl burners and swirl 
burner/furnaces may be used to uniformly heat round bar for 
later processing. Temperature profiles and heating rates may 
be readily altered by means of changes in system configuration 
and fuel/air ratio. The best results were obtained with fuel 
rich flames, giving thermal efficiencies of up to 15 percent for 
bar speeds of 0.05 to 0.1 m/min. However, in practice, the un-
16 
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Fig. 9 Variation of thermal efficiency with time 
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Fig. 10 Extended swirl burner furnace for round bar heating 
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burnt fuel would be burned in a combustor downstream and 
the large quantities of heat remaining in the exhaust gases 
recovered using a recuperator or regenerator to preheat the 
combustion air. Higher temperatures would then be achieved 
in the swirl burner, considerably enhancing heat transfer rates. 
The swirl burner system and swirl burner/furnace combina-
tion were not optimized but were adapted from other work. 
Improved heat transfer to the bar could be achieved if: 
(1) The round bar diameter was increased to about 65 to 
75 percent of that of the swirl burner exhaust, instead of the 33 
percent used in the study. Work (1) has shown that this is the 
maximum size of bar or rod which can be accommodated 
along the axis of a swirl burner without seriously affecting the 
flow field 
(2) The swirl burner/furnace combination, Fig. 3(b), was 
shown to be superior to the swirl burner system, Fig. 3(a), 
primarily due to the confinement effect of the furnace reduc-
ing heat losses. The proposed system is shown in Fig. 10: 
(a) Provision has been made for a larger bar diameter to 
be incorporated, up to a maximum of 70 to 75 percent of the 
swirl burner exit nozzle diameter. 
(b) The furnace diameter has been enlarged to allow for 
the effect of the larger bar and improve flame stabilization. 
(c) The high temperature parts of the system have been 
lined throughout with refractory and a high emissivity refrac-
tory coating to reduce heat transfer and improve radiative heat 
transfer to the round bar. 
(d) The swirl number of the swirl burner has been in-
creased to compensate for the larger bar diameter. 
(e) The furnace exhaust nozzle has been lengthened to im-
prove convective heat transfer to the round bar by confining 
the flow close to the bar. Provision has also been made for the 
injection of additional tangential air to complete burnout of 
the fuel and improve heat transfer. 
The arrangement shown in Fig. 10 would allow enhanced 
heat transfer rates to be achieved, giving higher throughput of 
round bar. 
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